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Introduction

Summary

High-dose intravenous immunoglobulin (IVIg) preparations are used cur-
rently for the treatment of autoimmune or inflammatory diseases. Despite
numerous studies demonstrating efficacy, the precise mode of action of
IVIg remains unclear. Paradoxically, IgG can exert both pro- and anti-
inflammatory activities, depending on its concentration. The proinflamma-
tory activity of low-dose IVIg requires complement activation or binding of
the Fc fragment of IgG to IgG-specific receptors (FcyR) on innate immune
effector cells. In contrast, when administered in high concentrations, IVIg has
anti-inflammatory properties. How this anti-inflammatory effect is mediated
has not yet been elucidated fully, and several mutually non-exclusive mecha-
nisms have been proposed. This paper represents the proceedings of a session
entitled ‘IVIg — Understanding properties and mechanisms’ at the 6th Inter-
national Immunoglobulin Symposium that was held in Interlaken on 26-28
March 2009. The presentations addressed how IgG may affect the cellular
compartment, evidence for IVIg-mediated scavenging of complement frag-
ments, the role of the dimeric fraction of IVIg, the anti-inflammatory prop-
erties of the minor fraction of sialylated IgG molecules, and the genetic
organization and variation in FcyRs. These findings demonstrate the consid-
erable progress that has been made in understanding the mechanisms of
action of IVIgs, and may influence future perspectives in the field of Ig
therapy.
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sialylation

polyspecific Ig (consisting mainly of IgG) derived from
plasma pools of thousands of healthy donors. The prepara-

Immunoglobulins and T cells are the key mediators of adap-
tive immunity. Deficiencies in either of these two arms can
lead to a heightened susceptibility to bacterial, fungal or viral
infections [1]. Primary immunodeficiency (PID) disorders,
such as agammaglobulinaemias, hyperimmunoglobulin M
(IgM) syndromes and common variable immunodeficien-
cies (CVID), are either caused by defined gene mutations or
remain molecularly undefined [2]. In addition, hypogamma-
globulinaemic phenotypes, termed secondary immunodefi-
ciencies, can arise for example from viral infections, B cell
malignancies, bone marrow transplantation or immunosup-
pressive therapy [1].

For most of the primary and secondary Ig deficiencies, Ig
replacement therapy is the treatment of choice [3]. Therapeu-
tic Ig preparations are comprised of normal, polyclonal,

tions contain antibodies to foreign (non-self) antigens, to
self-antigens (natural autoantibodies) and to other anti-
bodies (idiotypic antibodies). Traditionally, Ig replacement
therapy has been administered via the intravenous route
(IVIg), but in recent years subcutaneous administration has
become increasingly popular. In addition to its use as substi-
tutive therapy in primary and secondary immunodeficien-
cies, Ig therapy is used in a wide spectrum of autoimmune
diseases believed to be mediated by autoantibodies or T cells
and in systemic inflammatory conditions [4]. Currently
licensed autoimmune applications for Ig therapy include
Guillain-Barré syndrome, Kawasaki disease and chronic
inflammatory demyelinating polyneuropathy (CIDP) [1].
The mechanism of activity of the substituted IgG is easily
understood for immunodeficiency disorders. Antibodies
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with the intrinsic capacity to recognize foreign antigens or
common pathogen-specific IgG antibodies are replaced by
those from the donor pool. The immunomodulatory mecha-
nisms of administered IgG, on the other hand, are more
difficult to explain.

Paradoxically, I1gG can exert both pro- and anti-
inflammatory activities, depending upon its concentration.
The proinflammatory activity of low-dose IVIg requires
complement activation or binding of the Fc fragment of IgG
to IgG-specific receptors (FcyR) on innate immune effector
cells. This results in receptor clustering, recruitment of sec-
ondary effector functions and subsequent activation of sig-
nalling pathways, leading to an increase in intracellular
calcium levels and cell activation. In contrast, when admin-
istered in high concentrations, IVIg has anti-inflammatory
properties. How this anti-inflammatory effect is mediated
has not yet been elucidated fully. Several mutually non-
exclusive mechanisms have been proposed [1,5], including
modulation of the expression and function of FcyRs, inter-
ference with activation of the complement cascade and the
cytokine network, neutralization of autoantibodies and
regulation of cell proliferation.

The genetic factors that predispose certain individuals to
the development of autoimmune diseases are also poorly
understood. The family of FcyRs consists of several activat-
ing members and one inhibitory member, FcyRIIb. The
current paradigm in FcyR biology states that cell activation is
balanced by the activating and inhibitory FcyRs. Alterations
in the expression or function of these receptors may there-
fore result in unbalanced immunity and inflammation.
Inter-individual differences in FcyR expression can arise
from single nucleotide polymorphisms (SNP) or gene copy
number variation (CNV). Such genetic mutations are now
recognised increasingly as leading to differential responsive-
ness to infection and thus predisposition to autoimmune
diseases [6,7].

Insights into the current understanding of the properties
and mechanisms of action of IVIgs were provided in the
session chaired by Drs Anne Durandy and Robert Rieben.
How IgG may affect the cellular compartment was
addressed by Dr Srini Kaveri, while Dr Milan Basta pre-
sented evidence for IVIg-mediated scavenging of comple-
ment fragments. Dr Sylvia Miescher discussed the role of
the dimeric fraction of IVIg. The finding that a minor
population of sialylated IgG molecules may be responsible
for mediation of its anti-inflammatory effect was presented
by Dr Jeffrey Ravetch. Finally, Dr Taco Kuijper’s presenta-
tion focused upon the genetic organization of FcyRs and
on the establishment of new techniques to unravel CNV
in the FcyR family and the subsequent discovery of
previously unknown gene alterations. These findings
demonstrate the considerable progress that has been
made in understanding the mechanisms of action of IVIgs,
and may influence future perspectives in the field of Ig
therapy.

IVig — properties and mechanisms

Immune cell function and the impact of IVig

Some of the beneficial effects of administered IgG extend
beyond its half-life, suggesting that these effects are not due
merely to passive clearance or competition with pathogenic
autoantibodies. These observations raise the possibility that
Ig therapy results in significant alterations in the cellular
compartment of the immune system [1,5]. Several recent
observations have emphasized the effects of Ig therapy on
different cells of the innate and adaptive compartments of
the immune system, including dendritic cells (DCs), the
monocyte/macrophage system, granulocytes, natural killer
(NK) cells, various subsets of T cells, in particular the regu-
latory T cell (T,) subset, and B cells (Fig. 1). Collectively,
these findings may help to explain the beneficial effects of
administered IgG in disorders caused by dysregulated cellu-
lar immunity [5].

The effect of Ig therapy on DCs was studied in view of
their implicated role at several levels in the pathogenesis of
autoimmune diseases, inflammatory disorders and allograft
rejection. Ig therapy was shown to inhibit the differentiation
and maturation of normal human DCs, to inhibit the
up-regulation of the co-stimulatory molecules CD80 and
CD86, and the ability of DCs to process and present self-
antigens [8]. Both Fc and F(ab’), fragments of IgG were able
to mediate the suppression of DCs. This suggests the involve-
ment of FcyR and non-Fc-receptor-mediated signalling
events in Ig-therapy-mediated modulation of DC function.
At a dose used in the therapy of autoimmune and inflam-
matory conditions (25-35 mg/ml), IVIg also interfered with
the differentiation of DCs from systemic lupus erythemato-
sus (SLE) patients [9]. The IVIg-treated, immature DCs
showed inhibited expression of human leucocyte antigen
(HLA) and CD80/CD86 and displayed a reduced ability to
ingest nucleosomes by up to 36%. Given the critical role of
HLA molecules and co-stimulatory signals delivered by
CD80 and CD86 for optimal antigen presentation and T cell
activation, the inhibition of expression of these molecules by
IVIg offers a plausible explanation for the efficacy of Ig
therapy in SLE and other immunoinflammatory conditions.
Similarly, IVIg was shown to suppress the expression of DCs
in a model of autoimmune giant cell myocarditis [10] and to
reduce the number of DCs in the cerebrospinal fluid of
patients with Guillain-Barré syndrome and chronic inflam-
matory demyelinating polyradiculoneuropathy [11].

At a lower dose, administered generally to patients with
immunodeficiencies, however, IVIg exerts a contrasting
effect. DCs of patients with CVID differentiated in the pres-
ence of IVIg and presented with an up-regulated expression
of CD1a and the co-stimulatory molecules CD80, CD86 and
CD40 [12,13].

Defective functions of DCs have been associated with
predisposition to several pathological conditions. CVID
patients display high susceptibility to recurrent infections
and autoimmune diseases that could be due in part to
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Fig. 1. A schematic representation of the proposed mechanisms of action of intravenous immunoglobulin (IVIg) on cellular immunity. IVIg targets

the cellular immune compartment at multiple levels, including innate and adaptive immune cells. IVIg interacts with dendritic cells (DCs),

macrophages (M) and granulocytes, mainly via activating and inhibitory FC gamma receptors (FcyRs). Monomeric IgG in IVIg preparations can

block the interaction of immune complexes with activating FcyRs, thereby inhibiting endocytosis and phagocytosis by DCs and macrophages and

activation of granulocytes. IgG dimers in IVIg preparations binding to activating FcyRs on macrophages induce the expression of the inhibitory

FcyRIIB and suppress expression of interferon (IFN)-yR2, thereby inhibiting macrophage functions. In addition, IgG dimers promote
antibody-dependent cell-mediated cytotoxicity (ADCC) of DCs by natural killer (NK) cells, resulting in reduced T cell activation. IgG dimers
suppress macrophage and B cell functions by ligating FcyRIIB. In addition, F(ab’),-mediated effects of natural antibodies present in IVIg have been

described for DCs, granulocytes and B cells. Interactions between IVIg and regulatory T cells (T.) lead to expansion and increased suppressive

function of T The immunological effects depicted are not mutually exclusive and are likely to work in synergy. Reprinted from Tha-In et al. [28],

copyright 2008, with permission from Elsevier.

impaired DC functions [12,13]. Remission from pathologi-
cal manifestations following infusion of IVIg, together with
partially restored phenotypes of DC, points towards an
active role of IVIg in maintaining immune homeostasis
through interactions with the cellular compartment. Simi-
larly, DCs of patients with X-linked agammaglobulinaemia
(XLA), that were allowed to differentiate in the presence of
autologous plasma reconstituted with IVIg to physiological
levels, expressed increased levels of maturation markers
compared with cells cultured without in vitro addition of
immunoglobulins [14]. Together, the data suggest that the
defective differentiation of DCs in CVID and XLA patients
depends in part on low levels of circulating antibodies, and
their substitution through IVIg ameliorates the defective
functioning of the DC compartment. This process is medi-
ated, at least to some extent, by anti-CD40 antibodies within
IVIg, and is accompanied by increased interleukin (IL)-10
and decreased IL-12 production by DCs [8].

IgG also exerts anti-inflammatory effects through mono-
cytes and macrophages. It alters transcription of various

inflammatory genes [15], and lowers circulating levels of the
proinflammatory cytokines tumour necrosis factor (TNF)-o
and IL-1B [16]. Furthermore, IgG triggers monocyte pro-
duction of IL-1 receptor antagonist (IL-1RA), a potent
anti-inflammatory cytokine that counteracts IL-1. It blocks
transiently the function of FcyR on splenic macrophages,
as demonstrated by decreased clearance of anti-D-coated
autologous erythrocytes in patients [17]. In addition,
peripheral blood monocytes from idiopathic thrombocy-
topenic purpura (ITP) patients treated with IVIg exhibit a
decreased ability to form rosettes with IgG-coated erythro-
cytes [18]. IVIg increases expression of FcyRIIB on the
surface of effector macrophages in mice [1]. However,
the IVIg-mediated beneficial effect was not observed in
mice lacking colony-stimulating factor (CSF)-1-dependent
macrophages. Thus, it has been proposed that CSF-1-
dependent ‘regulatory’ macrophages in the marginal zone of
the spleen regulate IVIg-mediated anti-inflammatory effects
by enhancing the expression of FcyRIIB on the surface of
effector macrophages. However, this concept is inconsistent
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with a recent report showing that overexpression of FcyRIIB
on splenic macrophages does not influence the pathogenesis
of autoimmune diseases in mice [19]. The effects of IVIg on
FcyRIIB expression on human tissue macrophages have not
been studied, but IVIg treatment does not alter FcyRIIB
mRNA expression in circulating human monocytes [15].
Therefore, the role of FcyRIIB in the effects of IVIg treat-
ment, especially in humans, remains unresolved [20].

Effects of IVIg on the adaptive cellular compartment
include interaction with B and T cells. The therapeutic
effects of IVIg in several antibody-mediated diseases reflect
more than mere neutralization and FcyR blockade. They
may include suppression of the expansion of autoreactive
B lymphocytes through signalling via FcyRIIB, idiotype-
mediated inhibition of B cell receptors and neutralization
of cytokines such as the survival factors B cell activating
factor (BAFF) and a proliferation-inducing ligand (APRIL)
[21,22]. Interaction of the anti-idiotypic antibodies with
membrane-bound IgG or IgM of B cells can transmit nega-
tive signals and result in down-modulation of pathogenic
autoantibody production. IVIg has been shown to induce the
secretion of IgG reacting against various self- and non-self
antigens from a unique subset of human B lymphocytes.
These de novo-induced antibodies might further help in
controlling the reactivities of pathogenic autoantibodies
either by idiotype-mediated mechanisms or by sequestering
autoantigens [23,24]. Analogous to these in vitro findings,
IVIg therapy in women with recurrent spontaneous abortion
is accompanied by a decrease in the peripheral blood B cell
numbers [25].

Although it is well established that suppressive effects of
IVIg on T cells are significant, how IVIg affects the function
of distinct T cell subsets is unclear. Initial findings, wherein
IVIg renders a DC a tolerogenic potential, led to further
examination of whether IVIg induces immune tolerance via
modulation of T cell subsets, in particular Ty It was
observed recently that IVIg can expand and enhance the
functions of human and murine forkhead box P3 (FoxP3")
Tregs [26]. Accordingly, beneficial effects of IVIg in patients
have been shown to be associated with an increase in T,
both quantitatively and qualitatively. In animal studies of
experimental autoimmune encephalomyelitis, IVIg failed to
protect against inflammation in mice depleted of Ty The
mechanisms underlying the IVIg-mediated expansion and
enhanced suppressive properties of Ty, remain unclear and
are subject to further investigation [26-28].

Thus, the ability of IVIg to interact with relevant immu-
noregulatory molecules and cells of the immune system,
both innate and adaptive, provides the basis for the reestab-
lishment of an immune equilibrium.

Scavenging of complement fragments by IVig

Scavenging of active complement fragments by high doses of
Igs has gained recognition as one of the beneficial mecha-

IVig — properties and mechanisms

Table 1. C3b uptake in serum samples from patients with complement-
mediated conditions, control diseases and healthy individuals. All values
are means of triplicate measurements of C3 uptake in counts per

minute.
Pre-1VIg Post-1VIg Inhibition

Disease uptake uptake (%)
Active DM (n=9) 12 190 2 350 80-6
Kawasaki (n=6) 19 120 12 120 36-6
AIHA (n=3) 54 123 32303 40-3
Guillain—Barré (n=9) 11 590 n.a. n.a.
Myasthenia gravis (n = 10) 10 570 n.a. n.a.
Chronic DM (n=3) 1980 1942 0-2
IBM (n=10) 3491 3264 0-9
Normal individuals (n = 10) 3459 n.a. n.a.

AIHA: autoimmune haemolytic anaemia; DM: dermatomyositis;
IBM: inclusion body myositis; IVIg: intravenous immunoglobulin;

n.a.: not available.

nisms in autoimmune conditions. Binding of IgG molecules
to potentially harmful complement fragments (C3b, C4b,
C3a and C5a) blocks deposition of these fragments onto
their targets and prevents subsequent immune damage that
stems from cellular destruction and/or excessive inflamma-
tion [29].

The first series of experiments to investigate the impact of
Ig on complement scavenging employed an in vitro comple-
ment uptake system [30]. In this assay, corpusculate immune
complexes (red cells sensitized with specific anti-erythrocyte
antibodies) were used to trigger complement activation and
serve as targets for deposition of complement fragments.
Supplementation of guinea pig serum with 50 mg/ml IVIg
caused significant (50-60%) inhibition of C3b and C4b
uptake compared with sera containing added human serum
albumin [31,32]. Complement uptake inhibition was much
more pronounced, and reached almost 100% in sera from
IVIg-treated guinea pigs [33] and humans [32].

In subsequent studies, complement uptake was quantified
in serum samples of patients subjected to IVIg therapy.
In active dermatomyositis (DM), Kawasaki disease, auto-
immune haemolytic anaemia (AIHA), Guillain—Barré syn-
drome and myasthenia gravis, diseases that are known or
suspected to be mediated by complement, the baseline or
pre-IVIg uptake was higher in comparison with healthy
controls. Increased baseline uptake indicates a rapid turn-
over of complement fragments as a consequence of continu-
ous complement activation and lends further support to the
role of complement in pathogenesis of these conditions. In
inclusion body myositis and chronic DM, conditions in
which the participation of complement in pathogenesis has
not been demonstrated, baseline uptake was not significantly
different from values observed in normal controls. Post-IVIg
uptake was inhibited markedly compared with the baseline
values in active DM, Kawasaki and AIHA and correlated with
the positive clinical response to IVIg infusions (Table 1). The
uptake assays may have a role in clinical medicine based on
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the fact that they can provide evidence of complement acti-
vation in a given condition, and may be useful in terms of
monitoring disease activity and measuring response to IVIg
therapy [29].

In DM, terminal components of the classical complement
cascade, assembled in the membrane attack complex (MAC),
mediate the damage to endothelial cells in endomysial cap-
illaries that leads subsequently to ischaemia of muscle fibres
and muscle weakness. C3b fragments are observed in muscle
biopsies taken before IVIg therapy. Immunohistochemical
analysis of post-IVIg biopsies revealed significant reduction
and even elimination of MAC complexes and C3b fragments
[34].

Immortalized mast cells (HMC-1), a cell line that
expresses both C3a and C5a receptors, were used to demon-
strate that pre-incubation of C3a and C5a with Fab-
containing IVIg prevented anaphylatoxin-mediated calcium
signalling. Subsequent release of proinflammatory media-
tors, such as histamine and thromboxane, was also inhibited
[35].

The ability of IgG to bind C3b and C4b is a function of the
Fc region of IgG molecules, as shown by the uptake inhibi-
tion assays [29]. The acceptor site of C3b/C4b was mapped
to residues 381-390 of the CH3 domain of the IgG Fc
fragment. Surface plasmon resonance analysis indicated that
the acceptor site for C3a and C5a resides within the constant
domain of Fab. The Fc fragment of IgG did not interact with
immobilized C3a and C5a, while a human immunodefi-
ciency virus (HIV)-specific monoclonal antibody still bound
to C3a even in the presence of specific antigen (gp120) that
completely saturated its binding site [36].

Scavenging ability is not restricted to a particular Ig
phenotype. All four IgG subclasses and different IgG allo-
types exhibited potent inhibition of C3b/C4b uptake [29].
IgM was more effective than IgG, both in solid-phase
immune complex essays [37,38] and in a xenogeneic system
consisting of pig endothelial cells as targets for C3b and C4b
deposition and human serum as a source of the activated
fragments [39].

Scavenging of large complement fragments was investi-
gated in two animal models of complement-mediated
conditions. Clearance of chromate-labelled IgM-sensitized
guinea pig erythrocytes is dependent upon their opsoniza-
tion with C3b and subsequent removal from the circula-
tion due to their adherence to C3b receptors on liver
macrophages. In guinea pigs treated with IVIg, clearance of
chromate-labelled, IgM-sensitized red cells was suppressed
relative to albumin- and saline-treated animals, presumably
because of decreased opsonization of target erythrocytes due
to scavenging of C3b by IVIg [31]. In Forssman shock,
complement-dependent destruction of pulmonary capillar-
ies with ensuing rapidly fatal pulmonary oedema was pre-
vented in up to 75% of IVIg-treated guinea pigs, while no
control (non-treated or albumin-treated) animal survived
this cataclysmic reaction [33]. In vivo scavenging of C5a was

demonstrated in a porcine model of anaphylatoxin-induced
cardiopulmonary distress. In this model, injection of recom-
binant human C5a (40 ng/kg) caused a maximum rise fol-
lowed by complete loss of pulmonary arterial pressure,
associated with decline and loss of systemic arterial pressure
and death within minutes. In animals pretreated with
300 mg/kg Fab-containing IVIg the reaction was prevented
even after injections of multiple (up to 12) lethal doses of
C5a [35].

An asthma-like condition, characterized by cellular migra-
tion into bronchial and alveolar compartments, was induced
in mice by systemic sensitization and airway challenge with
ovalbumin. The role of C3a in pathogenesis of this condition
was suggested by the reduced number of perivascular infil-
trates (cuffs) in the lungs and a decrease of eosinophils in
bronchoalveolar lavage fluid from mice homozygous for C3
gene deletion (C37) and therefore lacking the parent C3
molecule. IVIg treatment of Balb/c mice resulted in a sup-
pression of cellular migration similar in magnitude to that
observed in C3™" mice, supporting the hypothesis that IVIg
exerts its beneficial effect by neutralizing C3a [35].

The complement-scavenging ability of Ig implies expan-
sion of the use of IVIg to all diseases in which generation of
complement fragments plays a crucial role in pathogenesis.
Considering the large number of complement-mediated
conditions and the limited supply of IVIg preparations,
novel clinical applications should be limited to life-
threatening diseases that represent a major global health
problem. One condition that meets these criteria is stroke,
the third leading cause of death and the most common
reason for permanent neurological disability worldwide
[40]. In 70-80% of cases, cerebral infarction is caused by
arterial (most frequently middle cerebral) occlusion with
subsequent neuronal ischaemia that triggers complement
activation and in situ inflammation [41]. A mouse model of
transient middle cerebral artery occlusion was employed to
examine the effect of IVIg treatment on the outcome of
experimental stroke. IVIg, administered at 2 g/kg either
before or up to 3 h following ischaemia, practically elimi-
nated mortality, reduced infarction size by 60% and dimin-
ished neurological deficit two- to threefold compared with
control animals (non-treated or treated with albumin, IVIg
vehicle and saline). The same protective effect was observed
when the dose of IVIg was reduced to 0-5 g/kg [42].

Mice lacking the C5 gene (C577) and subjected to
ischaemia/reperfusion (I/R) brain injury showed improved
functional outcome and less brain damage compared with
their wild-type littermates. It was found that I/R brain injury
caused an increase of C3b at the site of injury. IVIg treatment
resulted in a highly significant suppression of binding of
C3b, while vehicle and albumin had no such effect. Immu-
noprecipitation analysis of brain samples from the ischaemic
hemisphere of IVIg-treated mice showed that human IgG
bound mouse C3b (Fig. 2). Co-immunoprecipitation data
support scavenging of complement fragments as the protec-
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Fig. 2. Attenuation of in situ C3b binding by intravenous

Vehicle I/R

immunoglobulin (IVIg). (a) Ischaemia/reperfusion (I/R) brain injury
causes increased presence of the complement protein C3b in the
affected tissue, and post-injury IVIg treatment reduces the
I/R-mediated C3b binding. (b) C3b binding is strongest at the site of
the lesion, i.e. in the ipsilateral region. (c) Immunoprecipitation
analysis of brain samples from the ischaemic hemisphere of
IVIg-treated mice, showing that human IgG binds mouse C3b. Shams:
animals subjected to the same extent of anaesthesia and surgery as I/R
animals, except for the middle artery occlusion; controls for the effect
of surgical and anaesthesiological injury. Vehicle: animals infused with
the stabilizer for the immunoglobulins in IVIg preparation; controls
for the specificity of immunoglobulin effect in the IVIg preparation.

tive mechanism of action of IVIg in this model. Primary
neuronal cell culture was subjected to in vitro oxygen and
glucose deprivation, mimicking the in vivo situation caused
by arterial obstruction. Under these conditions, neurones
exhibited an increase of intrinsic C3 and caspase-3, suggest-
ing that brain hypoxia may induce complement-mediated
apoptosis. Both C3 and caspase-3 signals were suppressed by
IVIg supplementation of the culture medium [42].

The results of the above studies are encouraging, and
suggest strongly that clinical trials using low-dose IVIg infu-
sions should be considered as a possible interventional
therapy for stroke. In addition, IVIg should be tested in
models of other serious human conditions in which
ischaemia and reperfusion induce generation of pathogenic
complement fragments.

Dimer formation in IVIgs

Therapeutic Ig formulations contain intact IgG molecules
with an isotype distribution similar to that found in normal
human serum. Besides the monomeric IgG, the formulations
contain dimeric IgG molecules, first reported in 1982. At that
time their clinical significance was not recognized, neither
for their potential contribution to the mechanisms of action
of supplemented IgG nor for their influence on infusion
tolerability. Therapeutic Ig formulations contain variable
amounts of monomeric and dimeric IgG existing in a

IVig — properties and mechanisms

dynamic equilibrium depending on the IgG concentration,
the pH of the IgG solution, the storage temperature and the
size of the donor pool for the starting material [43,44]
(Fig. 3). Additionally, amphiphilic amino acids such as
proline, which contain both hydrophilic and hydrophobic
chemical groups, can interfere with dimer formation, prob-
ably by interacting with hydrophobic groups in the IgG mol-
ecule, preventing protein—protein association and stabilizing
the IgG molecules in their monomeric form. Dimeric IgG
has been observed by electron microscopy and can be sepa-
rated by high performance lipid chromatography [45].
Previous reports suggest that IgG dimers are idiotype—
anti-idiotype pairs, which contribute to the immunoregula-
tory actions of IVIg [46-48]. However, there is limited
information on a potential selective partition of antibody
specificities into the monomeric and dimeric fractions or on
the immunological significance of the fractions.

Highly purified fractions (>95%) of monomeric and
dimeric IgG were isolated by size-exclusion chromatography.
The dimeric IgG fraction separated under physiological pH
7-0 conditions was labile and tended to dissociate, whereas
the monomeric IgG fraction was stable at pH 7-0. In order to
obtain a dynamically stable dimeric fraction for comparative
analyses, all fractions were treated at pH 4-0, resulting in a
stable dissociated dimer fraction (containing > 90% mono-
meric IgG), and ensuring that all fractions contained an
equal number of F(ab), binding sites. Biochemical analysis
by two-dimensional gel electrophoresis showed no signifi-
cant differences between the fractions. In contrast, there was
a segregation of the binding capacity in the different frac-
tions according to the nature of the antigen. The dissociated
dimeric fraction showed a markedly increased reactivity
against certain self-antigens, in particular conserved intrac-
ellular self-antigens, as well as members of the Siglec family
and some bacterial exotoxins [49-51].

30
= 30
20
g 20
o\°10 10
3 4 5 6 7 0 10 20 30 40 50
pH Temperature (°C)
40 20
5]
£ 30 15
020 10
B
10 5
0 20 40 60 0 5 10 15 20

Pool size (x10° donors) 1gG concentration (% w/v)

Fig. 3. Factors affecting dimer formation. Larger donor pool size, low
temperature, high pH and high immunoglobulin (Ig)G concentration
increase the dimer content of therapeutic Ig formulations.
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50 um

Fig. 4. Immunofluorescent staining patterns of the different
immunoglobulin (Ig) preparations analysed by incubation on human
epithelial type 2 (HEP-2) cells. (a) Positive anti-centromere control
serum, showing typical speckled staining pattern. Inset shows
May—Griinwald—Giemsa staining of HEP-2 cells and black inset is the
conjugate control. Staining of perinuclear antigens characterizes the
patterns for intravenous immunoglobulin (IVIg) (b) and the
monomeric IgG fraction (c). The dimeric IgG fraction shows
enhanced nuclear and cytoplasmic staining (d). IgG purified from
adult single-donor serum (e) and IgM from cord-blood serum (f)
showed similar staining on perinuclear structures comparable to
monomeric IgG and IVIg.

Immunocytological studies on human epithelial type 2
(HEP-2) cells, which are used conventionally for the sero-
logical diagnosis of autoimmune diseases, revealed striking
differences in staining depending on the Ig fraction used.
Unseparated IVIg, monomeric and dimeric IgG clearly rec-
ognize self-antigens within the HEP-2 cells, demonstrating a
perinuclear pattern with enhanced staining of both nuclear
and cytoskeletal structures by the dimeric IgG fraction
(Fig. 4b—d). No pathological autoimmune patterns were
observed. For comparison, Fig. 4a shows a typical speckled
anti-centromere staining using serum from an SLE patient.
IgG purified from single donor serum or IgM from cord
blood showed very similar perinuclear patterns as seen for
the monomeric IgG (Fig. 4e,f).

A similar increase in activity of the dimeric fraction was
observed against exotoxin A of Pseudomonas aeruginosa, an
opportunistic pathogen of clinical relevance for immuno-
compromised patients. In particular, comparison of the

dimer fraction versus the dissociated dimer fraction revealed
substantially increased signals, when analysed by surface
plasmon resonance. Taken together, these results support the
hypothesis that the dimeric IgG fraction originating from
large donor pools is enriched in antibodies of certain speci-
ficities but not others, which are unmasked in the dissociated
dimer fraction, and this may represent an aspect of the idio-
type network. This was investigated further using affinity-
purified antibodies from IVIg against the Siglec-9 receptor.
The Siglecs are a family of cell surface proteins found
primarily on haematopoietic cells. They bind sialic-acid-
containing glycan ligands, are linked to cell signalling
pathways, and natural antibodies against Siglecs may
contribute to the anti-inflammatory mechanisms of IVIg
[51]. Immobilized affinity-purified anti-Siglec-9 antibodies
showed no binding to the monomeric IgG fraction, whereas
the dissociated dimer fraction clearly bound to its presumed
anti-idiotypic partner, supporting the presence of the idio-
type network in the dimer fraction.

The tolerability of liquid IVIgs during the infusion period
is influenced by the level of dimeric IgG. In an investigational
phase I study in healthy volunteers, blood samples were
taken pre- and post-IVIg infusion over a period of 24 h.
Dosage (0-4 g/kg body weight) and infusion rate were con-
trolled and equal for all volunteers. Transient early adverse
reactions, such as elevated temperature, chills, myalgias,
malaise, headache, hypotension and nausea were monitored
and a clinical score for well or poorly tolerated infusions was
defined. Kinetic analysis showed elevated levels in the blood
of proinflammatory cytokines (TNF-o, IL-6, IL-8 with
maximal levels at 2-5, 3 and 4 h, respectively) followed by
cytokine antagonists [IL-1Ro., soluble TNF receptor 1
(TNFRI) and TNFRII]. These changes in cytokine levels
were accompanied by transient decreases in neutrophil,
monocyte and lymphocyte counts, followed by an increase in
neutrophil levels. All values returned to baseline 24 h after
the infusions [52]. The cytokine levels and numbers of
adverse events in individual volunteers were related directly
to the tolerability of the infusions. Cytokines produced pri-
marily by lymphocytes and not involved in early inflamma-
tory reactions, e.g. IFN-y, IL-2 and IL-4, were not raised
during the infusions. Dimer levels measured in the products
were related to the maximum proinflammatory cytokine
levels measured after IVIg administration, and levels above
approximately 12% were associated with poorly tolerated
infusions, due to the induction of a transient inflammatory
reaction. As there were no indications for complement acti-
vation, the probable mechanism for these transient inflam-
matory reactions is interaction of immune complexes, in the
form of dimeric IgG, with cellular Fcy receptors.

Despite their association with early adverse reactions,
dimers most probably play an important immunoregulatory
role in autoimmune diseases and therefore these specificities
should not be removed from IVIg products. Instead, the
dimer content must be controlled below a defined threshold
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level. As a consequence, the new liquid 10% IVIg product
Privigen is formulated at pH 4-8 and stabilized with
L-proline, an amphiphilic compound that restricts dimer
formation, resulting in a stable and well-tolerated product.

Immunomodulation by sialylated IgG

Although the paradoxical pro- and anti-inflammatory prop-
erties of IgG were recognized, for a long time they were
poorly understood. Despite numerous models being pro-
posed, advances in the field were hampered by a lack of in
vivo models that recapitulate the anti-inflammatory activity
of high-dose IgG and an incomplete understanding of the
biochemical composition of the active components within
IVIg required for in vivo activity.

To address these shortcomings, murine models of inflam-
matory disease that are attenuated by the anti-inflammatory
activity of high-dose IVIg or its Fc fragments, including
immune thrombocytopenia [53], serum-induced arthritis
[54] and nephrotoxic nephritis [55], were developed. The
requirement for the IgG Fc fragment and the inhibitory
receptor FcyRIIB was first demonstrated in a murine model
for ITP. Administration of clinically protective doses of
intact antibody or monomeric Fc fragments to wild-type or
FcyR receptor-humanized mice prevented platelet consump-
tion triggered by a pathogenic autoantibody. Disruption of
FcyRIIB by either genetic deletion or with a monoclonal
blocking antibody abolished the protective effect [53].

In an arthritis model, IVIg induced the expression of
FcyRIIB on infiltrating macrophages, but not neutrophils,
indicating a critical role for macrophage activation in
antibody-induced inflammation. The protective effect was

(@) & (b)
& &
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lost in mice deficient for CSF-1, highlighting the importance
of a subset of CSF-1-dependent macrophages [54].

A novel 7y-chain-dependent, activating Fc receptor,
FcyRIV, was shown subsequently to be involved in the
autoimmune disease process. Blocking FcyRIV binding to
pathogenic anti-platelet antibodies was sufficient to pro-
tect mice from antibody-induced thrombocytopenia [55].
Co-expression of the activating FcyRIV and its inhibitory
counterpart, FcyRIIB, on infiltrating macrophages sets a
threshold for activation of these effector cells [56]. Blocking
FcyRIV with a specific monoclonal antibody or high-dose
IVIg to down-regulate FcyRIV and up-regulate FcyRIIB, pro-
tected mice from nephrotoxic nephritis.

As 1gG glycosylation differs in patients with rheumatoid
arthritis and several forms of autoimmune vasculitis, it had
been suggested that individual IgG glycoforms may play a
role in modulating antibody effector function in vivo. To
define the potential role of the glycan structure on the IgG Fc
in the anti-inflammatory activity of IVIg, these carbohy-
drates were removed and the resulting ability to inhibit
inflammatory responses was assessed in a model of rheuma-
toid arthritis. Deglycosylated IVIg was unable to mediate
anti-inflammatory activity [57]. Further characterization
demonstrated that the anti-inflammatory activity of IVIg
results from a minor population of the pooled IgG molecules
that contains terminal o-2,6 sialic acid linkages on their
Fc-linked glycans [58]. This fully processed glycan is found
in 1-3% of IgG in IVIg, which may explain the requirement
for a high dose of IVIg. Recent data demonstrate that the
anti-inflammatory properties of IVIg can be recapitulated
with a fully recombinant preparation of appropriately sialy-
lated IgG Fc fragments (Fig.5) [58]. The recombinant

0o 2 4 6 8 10 12 14
Day 5 clinical score

Fig. 5. Recombinant, sialylated immunoglobulin (Ig)G Fc fragments are anti-inflammatory and comparable to native intravenous immunoglobulin

(IVIg). Recombinant human IgG1 was digested with papain, and Fc fragments were purified. The recombinant Fc fragments were galactosylated

and sialylated in vitro with o.-2,6-sialyltransferase (a-2,6-ST). (a) Glycosylation was confirmed by lectin blotting for terminal galactose with

enhanced chemiluminescence (ECL) (top) or 0-2,6-sialic acid with Sambucus nigra agglutinin (SNA) (middle); Coomassie loading controls are
shown (bottom). (b) Mice were administered 1 g/kg IVIg, 0-033 g/kg SNA+ IVIg Fc fragments, or 0-33 g/kg sialylated recombinant Fc (o-2,6-ST rFc)
1 h before K/BxN sera, and footpad swelling was monitored over the next several days. Means and standard deviations of clinical scores of four to

five mice per group are plotted. *P < 0-05. From Anthony RM et al. [58]; reprinted with permission from the American Association for the

Advancement of Science.
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preparation had a 35-fold enhanced in vivo activity and
could potentially be used at much lower doses than IVIg
preparations.

For mediating their anti-inflammatory effect, sialylated Fc
fragments require a specific C-type lectin, SIGN-R1 (specific
ICAM-3 grabbing non-integrin-related 1) to be expressed on
macrophages in the splenic marginal zone [59]. Splenec-
tomy, loss of SIGN-R1" cells in the splenic marginal zone,
blockade of the carbohydrate recognition domain (CRD) of
SIGN-R1 or genetic deletion of SIGN-R1 abrogated the anti-
inflammatory activity of IVIg or sialylated Fc fragments.
Although SIGN-R1 has not been shown previously to bind
to sialylated glycans, it has been demonstrated that SIGN-R1
binds preferentially to 02,6 sialylated Fc compared with
similarly sialylated, biantennary glycoproteins, suggesting
that a specific binding site is created by the sialylation of IgG
Fc. A human orthologue of SIGN-R1, DC-SIGN, displays a
binding specificity similar to that of SIGN-R1 but differs in
its cellular distribution, accounting potentially for some of
the species differences observed in IVIg protection.

With the discovery of FcyRIIB, sialylated IgG and SIGN-
R1, some of the mechanistic steps accounting for the anti-
inflammatory action of IVIg have been unravelled. In the
future, it will be of particular interest to determine whether
the reproduction of IVIgs anti-inflammatory properties by
recombinant preparations can be translated into the treat-
ment of human autoimmune diseases.

Immunomodulation via Fc receptor polymorphism

The genes for FcyRs are located on chromosome 1 as a series,
resulting from gene duplication during evolution. Based on
their affinity for monomeric IgG, the FcyRs can be subdi-
vided into high-affinity receptors (type I) and low-affinity
receptors (types II and III). The genes encoding the high-
affinity receptors (FCGRIA, FCGRIB and FCGRIC) are
located in the region 1q21, while the low-affinity FcyRs
(FCGR2A, FCGR2B, FCGR2C, FCGR3A and FCGR3B) are
located at 1q23-24 (Fig. 6) [60].

FcyRs are highly homologous, making them difficult to
study. For example, FcyRIIA, FcyRIIB and FcyRIIC are
encoded by three genes, which are 99% homologous. This
hampers the use of monoclonal antibodies in this area, as
they often recognize two or more isoforms. Of particular
interest is FcyRIIC, which is a product of an unequal cross-
over of the IIB and the IIIB cytoplasmic tail [61]. Due to a
stop codon in exon 3, the gene was long considered to be a
pseudogene [62].

SNPs have been detected in the second extracellular
domain of the activating receptors and the transmembrane-
spanning domain of the inactivating receptors and have been
shown to alter receptor affinity. Such functional variations in
human FcyR have been studied for some time and efforts
have been undertaken to relate them to certain diseases and
their outcome [63].

FCGR1A
Macrophages
FCGR1B pnag
FCGR1C
H Phagocytes
FCGR2A Platelets
Macrophages
| |
FCGR3A NK cells
1921
— — FCGR2C NK cells
D — Neutrophils
Monocytes
1922 region
~0-5 Mb
FCGR3B Neutrophils
FCGR2B Beells
Neutrophils
Monocytes

Fig. 6. Human Fc gamma (Fcy) receptors. In humans, the genes
encoding for the Fcy receptors are located on chromosome 1.

The receptors are expressed on different cell types, as indicated on
the right.

An additional layer of complexity was added by recent
studies identifying CNV in large areas at chromosome
1q23-24 [64]. A linked deletion and duplication of the
FCGR3B and FCGR2C genes [65-67] was described, and an
association between a low copy number of FCGR3B and
glomerulonephritis in SLE has been reported recently
[68-70]. The low gene copy number correlates with reduced
FcyRIIIB expression and is likely to contribute to the impaired
clearance of immune complexes, a feature of SLE [68].

A new assay to detect simultaneously both SNPs and
CNVs of the low-affinity FcyRs has been developed recently
[71]. This multiplex ligation-dependent probe amplification
(MLPA) assay allows for more accurate genotyping. It is able
not only to detect the copy number of 50 DNA sequences in
a simple, polymerase chain reaction (PCR)-based reaction,
but also new unknown SNPs. Using MLPA, FCGR2C and
FCGR3B CNV was confirmed, and a CNV for FCGR3A was
identified. Similar to FCGR2C and FCGR3B, a gene dosage
effect for FCGR3A was found which seemed to correlate with
FCyRIIIa expression and function on NK cells [72]. Delin-
eation of the approximate boundaries of the CNV at the
FCGR locus showed that co-segregation of neighbouring
FCGR genes was limited to five variants, with patterns of
Mendelian inheritance. No CNV of the FCGR2A and
FCGR2B genes was observed in more than 600 individuals
[72].

In addition to the CNVs, a SNP in exon 3 of FCGR2C has
been characterized recently [73]. This SNP changes the
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common stop codon into an open reading frame (OREF),
turning the pseudogene FCGR2C-Stop into a formal gene
FCGR2C-ORE. This change results in active transcription of
the gene and expression of a novel FcyR isoform, FcyRlIlc.
Interestingly, in a cohort of ITP patients, the proportion of
individuals carrying one or two alleles with this ORF was
much higher than in a control group of healthy individuals
(18% versus 34%) (Fig. 7) [73].

FcyRIIC is usually not expressed. In case of an ORF
however, it is expressed on NK cells, monocytes, neutrophils
and DCs of ITP patients and has a distinct immunological
function. For instance, in individuals with the common
FCGR2C pseudogene and therefore without this receptor,
NK cells did not show killing of target cells in an assay for
redirected antibody-dependent cell-mediated cytotoxicity.
Conversely, NK cells from individuals with an ORF were able
show antibody-dependent killing of target cells via the
activating IgG receptor FcyRIlc (Fig. 7). It was therefore
proposed that the activating FCGR2C-ORF genotype
predisposes to ITP by altering the balance of activating and
inhibitory FcyRs on immune cells [73].

The effects of CNVs and SNPs on susceptibility to disease,
severity and outcome are now being studied in cohorts of
patients with Kawasaki disease, SLE and rheumatoid
arthritis. The use of new analytical techniques, such as
MLPA, facilitates the study of complex human genomic
structures and the discovery of new SNPs and CNVs and
may allow for new susceptibility loci for autoimmunity to be
found [7].

Summary

The mechanisms by which IVIg preparations exert their
immunomodulatory and anti-inflammatory effects are

beginning to be understood, as are the genetic alterations
that may predispose some individuals to the development of
autoimmune disorders. Some of the findings presented in
this session may have important implications for the future
use of IVIg therapy. Should IVIg therapy become used rou-
tinely for the treatment of complement-mediated diseases,
such as stroke, the adequate supply of therapeutic formula-
tions may become critical. The modulation of the anti-
inflammatory properties of IVIg by recombinant sialylated
Fc fragments may be seen as a first step in the direction of the
generation of recombinant therapeutics, but at present only
mouse data are available and the road to clinical application
is still very long.
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